Infusion of physiological saline solution into the lumen of a tonically contracted resistance artery in vitro caused active relaxation. After endothelium removal by rubbing, confirmed by scanning electron microscopy and loss of the relaxation response to acetykholine (1 yM), flow relaxation was reduced from a mean of 70% to 37%. The latter change was significant (p<0.01). It is concluded that flow-relaxation in the resistance artery of the rabbit originates from both the tunica intima and the media. {Circulation Research 1988;63:980-985)
F low-dependent arterial dilation has been demonstrated in large arteries from a number of vascular beds in vivo. 1 -7 Such dilation disappears after selective removal or destruction of endothelial cells. 5 -7 Effectiveness of inactivation of the endothelium was verified by microscopic examination and loss of dilator response to acetylcholine. Acetylcholine has been shown to cause relaxation by acting on the endothelium through the release of endothelium-derived relaxing factor (EDRF). 89 A small volume of physiological saline solution injected into the lumen of rabbit and cat resistance arteries in vitro with either intrinsic (myogenic) or extrinsic tone due to vasoconstrictors, causes an immediate and abrupt relaxation; this response is indomethacin-insensitive. 10 Because there are no cellular elements or vasoactive substances in the injected fluid other than the drug responsible for the extrinsic tone, it seemed likely that the stimulus to dilation must be the effect of fluid movement on the surface of the intimal endothelial cells. Therefore, we performed experiments to determine whether dilation seen on luminal injection was mediated through the endothelium. We found that physical removal of the endothelium, established by loss of dilation response to acetylcholine and comprehensive scanning electron microscopy, only reduced flow-induced dilation.
Small branches of the rabbit ear artery (150 ^.m o.d.) were mounted under optimum rest force in a resistance artery myograph in Krebs bicarbonate solution equilibrated with 95% O 2 -5% CO 2 or oxygenated HEPES-buffered physiological saline equilibrated with 100% O 2 at 37° C. 1 ' 12 Two different bath solutions were used to ensure that the observed effects were not dependent on a particular buffer system. Drugs were added directly to the bath solution. The tip of a glass micropipette (diameter, 40 /xm) was positioned just within the cut end of the artery in line with the long axis of the artery segment. Bath fluid was infused into the slit-like opening at the end of the artery segment using a syringe infusion pump 22 (Harvard Apparatus, South Natick, Massachusetts) driving a 10-ml Becton Dickenson (Towson, Maryland) syringe at rates varying from 10 to 35 /nl/min for periods up to 6 minutes. The perfusate contained norepinephrine in the concentration present in the bath solution. This duration of infusion was used because preliminary experiments demonstrated the necessity of a 2-minute period to establish equilibrium relaxation. The submerged part of the micropipette contained 25 /x\ to ensure that the fluid entering the arterial lumen was at the same temperature as the bath solution. Fluid was introduced into the artery in the same direction as normal blood flow. Tissues were allowed to equilibrate for at least 1 hour before measurements used in this report were made.
After the dilation response to acetylcholine (1 IxM) was recorded, responses to a standard rate of flow were elicited until consistent. Endothelial cells were loosened from the mounted segment by rubbing the inner surface of the artery with a 34-^.m o.d. tungsten wire after reducing the rest force. After repeated preliminary trials appropriate conditions were devised to ensure loss of endothelium (see below) while retaining contractile capacity. After rubbing, the original rest force was restored and the vessel reexposed to acetylcholine. If the relaxation response was still present, the rubbing procedure was repeated until the response no longer occurred. Segments were allowed to rest 1V6-2 hours after the final rubbing before standard flow responses were elicited. Other segments treated in a similar manner, except that their inner surfaces were not rubbed, served as time controls. The mean response of the resistance artery to norepinephrine (1 (iM) was increased after endothelium removal by a mean of 16%. The mean response of the time controls did not significantly alter. During the experiment, endothelial loss was assumed to have taken place if the dilation to acetylcholine (1 fiM) was abolished. This concentration of acetylcholine caused 96.2±3.0% (n = 6) relaxation in the intact arteries at the beginning of the experiment. After loss of relaxation to acetylcholine, rubbed segments completely relaxed to papaverine (10~3 M). Endothelium loss was confirmed by fixing tissues at the termination of each experiment, cutting them longitudinally, and pinning open before postfixing in 2% osmium. They were then critical point dried, sputter coated with gold platinum and the entire luminal surface scanned with a Cambridge Stereoscan 100 (Cambridge, Massachusetts) at magnifications up to x 1500. Data analysis was made only in experiments where there were no normal-shaped endothelial cells visible. An occasional distorted or misshaped cell was observed in most preparations.
Relaxation of arteries in which active tone had been induced by norepinephrine (0.1-1.0 fxM), the' concentration to produce a maintained contraction of 60-80% of maximum, was observed after infusion of either Krebs bicarbonate or HEPESbuffered physiological saline in the normal direction of blood flow (Figure 1 ). Responses commenced within 20 seconds of perfusion and usually reached a steady state within 2 minutes. Often the new level of tone exhibited an undulating or oscillating pattern. The flow-induced relaxation represented an active inhibition of tone since infusion through the vessel lumen did not influence the wall force recording when the level of active tone developed by norepinephrine and used to study flow-dilation was matched by passive stretch (Figure 2 ). The extent of dilation occurring at 35 yMm\n was not significantly changed by indomethacin (1.0 /xM). Flow-induced dilation still occurred after endothelium removal (Figures 3 and 4 ) but was significantly reduced from a mean peak relaxation of 69.7±7.9% to 37.1 ±8.7% (mean±SEM; n = 6) in tissues maintained in HEPES buffer. These values are significantly different from each other when compared with a paired / test. The corresponding values for those segments used as time controls were not different from each other. Similar changes in flow relaxation with endothelium loss were found in the tissue equilibrated with Krebs' bicarbonate solution. The dilator responses of the deendothelialized segment were not influenced by indomethacin (1 fiM). Hemoglobin (5 fiM), which completely reversed acetylcholine-induced relaxation, had an inconsistent effect on flow dilation.
The present study shows that physiological saline infused into the lumen of a resistance artery at rates between 20 and 35 pil/min causes active relaxation. The absence of any force resulting from infusion when the vessel is passively stretched with a wall force equal to that observed at active relaxation suggests that shear stress resulting from the movement of the intraluminal fluid is the effective stimulus. This conclusion is supported by the observation that a significant proportion of flow-induced dilation persisted after endothelial loss. Presumably shear stress effects on the subintima, internal elastic lamina, and subjacent cells might cause vascular smooth muscle relaxation. However, these studies do not directly provide evidence that shear stress is the causal stimulus.
However, it can be concluded that after the inner layer is rubbed off, the fluid flowing over the subintima can cause dilation and that the shear stress on this layer would be greater than when the endothelial cells are present. Thus, although the experimental results are consistent with an endothelial contribution to flow dilation, exactly what proportion of the response this would be cannot be quantitated from these experiments. The complete loss of acetylcholine-induced dilation upon endothelium removal demonstrates that the site of origin of flow relaxation and the muscarinic receptors responsible for acetylcholine dilation in these small vessels are not the same and, in this regard, is in contrast with flow-dilation, which occurs in conduit arteries. 67 That large and small arteries differ in many of their properties is well-known. 13 Dilation-mediated relaxation initiated through muscarinic receptors is endothelium-dependent in many arteries, 8 although this is not invariably the case. 14 This conclusion is consistent with the previous observation that flow dilation in an artery with high choline acetyltransferase activity is unaffected by physostigmine and atropine 15 and does not support the notion that endogenous acetylcholine may be involved in endothelium-originating dilator effects. 16 The absence of a consistent action of hemoglobin on flow-induced dilation is difficult to interpret. The variable effects of this agent suggest that if EDRF is involved in flow relaxation and hemoglobin can inactivate EDRF 17 under the circumstances of the experiment, then its contribution to flow relaxation of the artery wall is small and variable. This contrasts with the conclusion of Griffiths et al, 18 who equated the changes in diameter of resistance arteries in situ following hemoglobin with flow-induced EDRF-mediated vasodilation in these small arteries. The latter was an assumption, consistent with studies in large arteries, that has not yet been supported by direct studies of resistance arteries. Interestingly enough, the segments used in the present report were taken from the same vascular bed used by these investigators.
The mechanism of flow relaxation in the absence of endothelium is completely unknown. There are many extracellular connections between the various elements of the blood vessel wall, and thus it is not unreasonable to speculate that disturbances or distortions of the internal elastic lamina or subintima would be communicated to subjacent smooth muscle cells.
Shear stress, the possible causative stimulus for this flow-induced dilation is claimed to influence many properties of the endothelial cell including pinocytosis, 19 cell turnover, 20 endothelial permeability, 21 synthesis of prostacyclin and EDRF, 7 -22 and histamine. 23 In culture, stress fibers and endothelial cells align themselves in the direction of flow, 24 -26 indicating their sensitivity to surface flow direction. Stress fibers are only encountered in areas of the circulation where endothelial cells are exposed to distortion stress and thus are not found in capillaries, venules, or veins. 27 -29 Stress fibers increase in experimental hypertension. 30 If there is distortion or drag on the cell surface by flowing fluid, these stress fibers might anchor the plasmalemma at their point of contact and help resist hydrodynamic-induced damage. They might also support the thin endothelial cells that have a large surface-to-volume ratio against the shearing forces of blood flow. 27 Endothelial cells contain mechanotransducing ion channels 31 that have similarities to those in skeletal muscle reported by Guharay and Sachs. 32 -33 These endothelial channels on patch clamp study are cation selective and permeable to Ca 2+ . Their opening frequency increases with applied suctionstretching of the cell membrane, an influence possibly comparable to shear stress. In erythrocytes, Larsen et al 34 showed that circulatory shear stress enhances Ca 2+ permeability (a finding confirmed by alternative approaches) and probably also that of Na + . 35 Our records show that flowinduced dilation can occur in the absence of changes in wall force that can be recorded in our myograph. This observation is consistent with, but by no means proof of, a shear stress effect. When considering the cellular mechanisms of this dilation, it must be noted that arterial wall stretch of a seemingly much more extensive nature than that encountered during flow can lead to contraction that originates either from the endothelium or vascular smooth muscle. 36 -38 In the latter case, it seems to involve a stretch-dependent pathway.
We have previously proposed that the interaction of stretch-induced vasoconstriction and flowinduced dilation is an important contributor to the regulation of basal arterial tone. 39 This tone is maximal in resistance arteries and is a necessary prerequisite for circulatory integrity.
